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Abstract
We study neutrino-induced processes that might contribute to the observed patterns in the r-process abundances in low-
metallicity, old galactical halo stars. The neutrino–nucleus interaction is calculated within the random phase approximation,
while the decay of excited levels in the daughter nucleus is followed via the evaporation-fission code ABLA. We calculate the
fission cross sections for selected neutron-rich progenitor nuclei with Zprog > 80. More importantly, we calculate the mass and
charge distributions of the fission fragments as well as the number of neutrons set free in the neutrino-induced reactions. We
particularly study a sample of nuclei with Aprog > 200 representing r-process progenitors during their decay towards the valley
of stability after the r-process freeze-out.
 2005 Elsevier B.V.
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Open access under CC BY license.Recently, Qian [1] suggested that neutrino-induced
fission might be the origin of the patterns observed in
the r-process abundances in low-metallicity, old galac-
tical halo stars [2]. These patterns show pronounced
abundance peaks at mass numbers A ∼ 90, A ∼ 132
and around A = 195. Assuming that the r-process
takes place in the neutrino-driven wind scenario dur-
ing a core-collapse supernova (e.g., [3]), Qian pro-
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Open access under CC BY license.posed that fission, induced by charged-current neu-
trino reactions, occurs after the r-process freezes out
(i.e., after all initial neutrons are exhausted) and while
the progenitor nuclei decay towards the valley of sta-
bility. It is envisioned that neutrino-induced fission
on r-process progenitors in the mass range Aprog ∼
190–320, during their decay towards the valley of sta-
bility after freeze-out, will produce fission fragments
with 90 < A < 190. Furthermore, Qian expects an en-
hancement at A ∼ 90 from fission of progenitor nuclei
in the third r-process peak around A = 195 andprog
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assumption that all progenitors with Aprog > 260 have
a common fission fragment close to the double-magic
nucleus 132Sn.
First calculations of neutrino-induced fission cross
sections have been reported recently [4] for neutron-
rich nuclei with atomic numbers in the range Zprog =
84–92. The study showed that for these nuclei the
fission probability is enhanced as charge-current re-
actions induced by supernova νe neutrinos with aver-
age energies of order 12–15 MeV excite the daugh-
ter nucleus to the isobaric analog state (IAS) and
the Gamow–Teller (GT) giant resonance. The cal-
culations of Ref. [4] were based on the assumption
of a two-step process: (1) the (νe, e−) reaction ex-
cites levels in the daughter nucleus after neutrino
capture; (2) the decay of these levels occurs statis-
tically. In Ref. [4] the (νe, e−) excitation functions
were derived within the random phase approxima-
tion (RPA), while the relative decay probabilities of
the excited states were calculated using the statisti-
cal code SMOKER [5]. Like in the previous studies
of beta-delayed or neutron-induced fission employing
the SMOKER code (see [5]) the fission barriers were
taken from the tables of Howard and Möller [6] and
the neutron separation energies from the mass table of
Hilf et al. [7].
For applications in r-process simulations, however,
the treatment of neutrino-induced fission of Ref. [4]
needs further improvements and extensions:
(1) The model applied in Ref. [4] considered only
‘first-chance’ fission; i.e., it only allowed for fission of
the daughter nucleus produced in the (νe, e−) reaction.
However, the excitation energy of the daughter nu-
cleus is high enough for fission to occur even after the
emission of several neutrons. Therefore, multi-chance
fission has to be considered.
(2) It has been already noted in [4] that the fission
cross sections depend quite sensitively on the fission-
barrier height and that more modern evaluations [8,9]
predict somewhat higher barriers for neutron-rich nu-
clei as compared to the Howard and Möller calcula-
tions [6]. Therefore, a more adapted description of the
fission barriers has to be considered.
(3) In order to test the idea that the observed struc-
tures at A ∼ 90 and A ∼ 130 in the r-process abun-
dances have their origin in the fission of heavy progen-itors, it is needed to determine the mass and charge
distributions of the fission fragments.
(4) If neutrino-induced fission occurs after the
r-process freeze-out, like proposed by Qian, then also
the number of released neutrons has to be evaluated.
These free neutrons can then be captured by r-process
progenitors similar to the idea of neutrino postprocess-
ing discussed in [10–12].
In this Letter we report on studies of neutrino-
induced fission, which accounts for the necessary im-
provements and extensions. We focus on neutron-rich
nuclei with Aprog > 200 on either the r-process path or
representing those r-process progenitors during their
decay towards the valley of stability after freeze-out.
Our approach is also based on a two-step descrip-
tion of neutrino-induced fission. As in Ref. [4], we
describe the initial step of the process, i.e., the excita-
tion of daughter levels by the (νe, e−) reaction within
the RPA. This is reasonable as for supernova νe neu-
trinos the (νe, e−) cross sections are dominated by
Fermi and GT transitions, and the RPA reproduces the
total strengths of these multipoles (governed by the
Fermi and Ikeda sum rules for neutron-rich nuclei) and
describes their centroids quite well. The RPA single-
particle energies are chosen from a Woods–Saxon po-
tential, and are adjusted to reproduce the proton and
neutron separation energies (either experimental or
taken from the compilation of [13]) and the excita-
tion energy of the IAS. Our improvement compared
to Ref. [4] lies in the treatment of the decay of excited
levels in the daughter nucleus. Rather than using the
SMOKER code, which is tailored for decay of states
at rather low excitation energies, we adopt here the
code ABLA [14,15] more adapted for the description
of fission and particle decays at those moderate ener-
gies that are of interest in neutrino-induced fission.
ABLA is a dynamical code that describes de-
excitation of the compound nucleus through the evap-
oration of light particles (protons, neutrons, α and γ )
and fission. The particle evaporation is considered in
the framework of the Weisskopf formalism [16], while
in the description of fission the ABLA code treats ex-
plicitly the relaxation process in deformation space
and the resulting time-dependent fission width using
an analytical approximation [17] to the solution of the
Fokker–Planck equation. The wide range of excita-
tion energies and the large variety of nuclei of interest
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as a function of excitation energy and deformation.
The nuclear level density is calculated according to
the Fermi-gas formula taking into account the shell
corrections, collective excitations and pairing correla-
tions; details on the implementation of these effects
in the nuclear level density, their damping with exci-
tation energy and their deformation dependence are
described in details in Refs. [18,19,21]. The angular-
momentum-dependent fission barriers are taken from
the finite-range liquid-drop model of Sierk [9]. In or-
der to describe the fission-fragment mass and charge
distributions, as well as their kinetic energies, the
ABLA code is coupled to the semi-empirical Monte
Carlo fission model PROFI [15].
In case of heavy, very neutron-rich nuclei, neu-
tron emission and fission are the most dominant decay
modes, and, consequently, they determine the distri-
bution of final residues. In Fig. 1 we show the par-
tial neutron-emission (νe, e−xn) and fission cross sec-
tions (νe, e− fission) as well as the total (νe, e−) cross
sections for uranium isotopes taken as progenitor nu-
clei, covering the range from stability (238U) to ex-
treme neutron excess (302U) (here, the partial neutron-
emission cross section is defined as the cross sec-
tion for the nucleus to survive against fission). One
observes a strong increase of the cross sections at
neutrino energies around Eν ∼ 17 MeV. Neutrinos
with higher energies can excite transitions to the IASand GT giant resonance, which strongly increases the
(νe, e
−) cross sections. While for 238U and 246U fis-
sion is the dominating decay mode for neutrinos with
Eν > 20 MeV, neutron emission dominates for the
other uranium isotopes.
In the following all results are presented for a
Fermi–Dirac neutrino distribution with the tempera-
ture T = 4 MeV and the chemical potential µ = 0,
as it is appropriate for supernova νe neutrinos [22].
Folded cross sections for the uranium isotopes ob-
tained in the present work are summarized in Table 1
and compared with the results of Ref. [4]. Small dif-
ferences between the present total cross sections and
those presented in [4] are due to larger RPA model
spaces used here and slight differences in the single-
particle energies. For the progenitor nuclei 238U and
246U, the present fission cross sections agree quite well
with those of [4]. However, for the heavier uranium
isotopes we obtain fission cross sections that amount
to only 1–10% of the total cross sections, while in par-
ticular for 254U and 262U Ref. [4] finds a very sizable
fission probability. The origin of these difference be-
tween our results and those of [4] is mostly caused
by the significantly lower fission barriers for heavy
uranium isotopes (and in general for nuclei with A >
250) predicted by Howard and Möller [6] compared to
more recent fission barrier calculations [9] (used here)
or [8]. The arguments given in Refs. [5,23,24] suggest
that the higher barriers used here are more realistic.Fig. 1. Total (solid) and partial fission (dotted) and neutron evaporation (dashed) cross sections (in 10−42 cm2) for neutrino-induced (νe, e−)
reactions on uranium isotopes as function of neutrino energy.
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Total and partial fission and neutron evaporation cross sections (in units of 10−42 cm2) for neutrino-induced (νe, e−) reactions on uranium
isotopes with mass numbers Aprog, adopting a Fermi–Dirac distribution with parameters T = 4 MeV and µ = 0 appropriate for supernova νe
neutrinos. The exponents are given in parentheses. The last two columns give the total and the partial fission cross sections, as calculated in [4]
using the fission barriers of [6]
Aprog σtot σfiss σevap σtot from [4] σfiss from [4]
238 4.71(+02) 3.53(+02) 1.18(+02) 4.93(+02) 3.46(+02)
246 6.05(+02) 3.33(+02) 2.72(+02) 6.31(+02) 3.32(+02)
254 7.10(+02) 1.50(+02) 5.60(+02) 7.84(+02) 5.73(+02)
262 8.48(+02) 4.85(+01) 8.00(+02) 8.57(+02) 5.35(+02)
270 1.05(+03) 3.19(+01) 1.02(+03) 9.39(+02) 3.27(+02)
278 1.46(+03) 2.90(+01) 1.43(+03)
286 1.64(+03) 2.57(+01) 1.61(+03)
294 1.79(+03) 1.28(+02) 1.66(+03)
302 2.06(+03) 1.85(+02) 1.88(+03)
Table 2
Total and partial fission and neutron evaporation cross sections (in units of 10−42 cm2) for neutrino-induced (νe, e−) reactions on nuclei
along the r-process path identified by their mass and charge numbers Aprog,Zprog, respectively. The exponents are given in parentheses. Nfiss
and Nevap are the numbers of neutrons emitted during the fission process and by neutron evaporation, respectively. The results are calculated
adopting a Fermi–Dirac distribution with parameters T = 4 MeV and µ = 0 for the neutrino spectrum
Aprog Zprog σtot σfiss σevap Nfiss Nevap
274 90 1.45(+03) 1.15(+01) 1.44(+03) 0.06 3.01
275 91 1.43(+03) 1.69(+01) 1.41(+03) 0.10 3.42
278 92 1.46(+03) 2.85(+01) 1.43(+03) 0.17 2.98
281 93 1.48(+03) 5.31(+01) 1.43(+03) 0.30 2.95
286 94 1.48(+03) 8.01(+01) 1.40(+03) 0.57 3.10
293 95 1.57(+03) 2.44(+02) 1.33(+03) 2.10 3.99
296 96 1.57(+03) 8.68(+02) 7.03(+02) 7.29 1.48
297 97 1.53(+03) 5.68(+02) 9.66(+02) 5.09 2.70
300 98 1.53(+03) 1.01(+03) 5.27(+02) 9.25 1.12
301 99 1.50(+03) 1.15(+03) 3.48(+02) 10.65 0.93
304 100 1.52(+03) 1.36(+03) 1.63(+02) 12.83 0.21
307 101 1.53(+03) 1.52(+03) 1.34(+01) 14.85 0.01
308 102 1.50(+03) 1.48(+03) 1.50(+01) 14.28 0.00
313 103 1.64(+03) 1.63(+03) 4.21(+00) 16.23 0.00
314 104 1.59(+03) 1.59(+03) 2.06(−01) 15.72 0.00
321 105 1.75(+03) 1.75(+03) 1.64(−01) 18.60 0.00
322 106 1.71(+03) 1.70(+03) 1.39(+00) 18.26 0.00
325 107 1.73(+03) 1.73(+03) 1.56(−01) 18.87 0.00
324 108 1.62(+03) 1.62(+03) 2.30(−02) 17.39 0.00During the r-process the matter flow proceeds
roughly along a path in the nuclear chart that is charac-
terized by nuclides with a neutron separation energy of
approximately Sn ∼ 2 MeV. Adopting the mass table
of [13] we have identified such r-process nuclei with
Sn ∼ 2 MeV and have calculated the relevant neutrino-
induced cross sections. The results are listed in Table 2
for the r-process nuclei with charge numbers Zprog =
90–108. First we note that the total cross sections are
of the order 10−39 cm2. Using Eq. (1) of Ref. [11]and taking typical values for the average neutrino en-
ergy 〈Eν〉 ∼ 12 MeV, and for the neutrino luminosity
Lν = 1051 erg/s, the calculated cross sections trans-
late into halflives τν against neutrino-induced reac-
tions of about τν ∼ 0.02 s, assuming that the reaction
occurs at a distance of r = 100 km from the center
of the neutron star. These halflives are only slightly
longer than the expected beta-decay halflives, which,
for these nuclei, range between 0.005 and 0.02 s [25].
Thus, under such conditions (νe, e−) reactions can
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nuclei along the r-process path.compete with beta-decays for heavy r-process nuclei
with Zprog > 82. Of course, as the neutrino flux scales
with r−2, neutrino-induced reactions would become
less important if these reactions were to occur at larger
radii. If we compare the partial cross sections for the
two decay modes (neutron emission and fission), our
calculation predicts that fission is almost negligible for
the r-process nuclei with Zprog < 94, where the partial
fission cross section amounts to less than 10% of the
total neutrino–nucleus cross section. On the contrary,
neutrino-induced fission dominates for the r-process
nuclei with Zprog > 96. In a recent investigation Panov
et al. suggest that depending on the astrophysical con-
ditions the r-process terminates either for nuclei with
Zprog ∼ 94–98 and mass numbers Aprog ∼ 260–280
or for heavier nuclei around Aprog ∼ 300 due to beta-
delayed fission [26]. Such heavier nuclei are important
in dynamical r-process scenarios with high neutron
densities where nuclei close to the magic neutron num-
ber N ∼ 184 and with relatively high fission barriers
are encountered [26]. According to our calculations,
neutrino-induced fission can be important for termi-
nating the r-process, if such reactions would occur
relatively close to the neutron star. If the reactionsoccur at larger distances, e.g., beyond r = 500 km,
neutrino-induced fission would probably be negligible
during the r-process.
It has already been pointed out [10–12,27] that
neutrino-induced reactions on extremely neutron-rich
r-process nuclei are accompanied by the emission of
a few neutrons. In agreement with the earlier studies
we calculate an average number of 〈N〉 = 3–5 emit-
ted neutrons, if the neutrino-induced reactions occur
on r-process nuclei with Zprog < 94, for which the
main decay mode is neutron evaporation. On the other
hand, if the dominating decay mode is fission, due to
the fact that produced fission fragments are also very
neutron rich, 〈N〉 increases significantly (〈N〉 > 10).
However, neutron emission during the r-process is rel-
atively unimportant as the process occurs in (γ,n) ↔
(n, γ ) equilibrium. This will be different during the
decay of the r-process progenitors towards stability af-
ter freeze-out, which we will discuss below.
Fig. 2 shows the mass and charge distribution for
neutrino-induced fission on some selected progenitor
nuclei on the r-process path. We find a pronounced
double-hump structure (with centers at Al and Ah),
where the lower peak corresponds to the mass range
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Total and partial fission and neutron evaporation cross sections (in units of 10−42 cm2) for neutrino-induced (νe, e−) reactions on r-process
progenitors in the mass Aprog ∼ 200 region, identified by their mass and charge number Aprog, Zprog, respectively. The exponents are given
in parentheses. Nfiss and Nevap are the numbers of neutrons emitted during the fission process and by neutron evaporation, respectively. The
results are calculated adopting a Fermi–Dirac distribution with parameters T = 4 MeV and µ = 0 for the neutrino spectrum. Sn is the neutron
separation energy (in MeV) taken from [13]
Aprog Zprog Sn σtot σfiss σevap Nfiss Nevap
200 70 2.63 6.29(+02) 0.00(+00) 6.29(+02) 0.00 2.10
199 71 3.01 5.40(+02) 0.00(+00) 5.40(+02) 0.00 2.23
202 72 2.88 5.57(+02) 0.00(+00) 5.57(+02) 0.00 1.81
199 73 5.02 4.52(+02) 0.00(+00) 4.52(+02) 0.00 1.48
200 74 5.40 4.32(+02) 0.00(+00) 4.32(+02) 0.00 1.27
201 75 5.47 3.93(+02) 0.00(+00) 3.93(+02) 0.00 1.27
200 76 6.51 3.41(+02) 6.03(−09) 3.41(+02) 0.00 0.93
199 77 6.82 2.85(+02) 0.00(+00) 2.85(+02) 0.00 0.87
200 78 7.28 2.74(+02) 1.29(−09) 2.74(+02) 0.00 0.80around Al ≈ 130. The second peak is centered at mass
numbers Ah clearly below Aprog −Al due to the evap-
oration of a significant number of neutrons. For sim-
plicity, previous r-process simulations assumed [28]
that β-delayed and neutron-induced fission leads to
a symmetric mass distribution of the resulting fission
fragments. On the other hand, the present calculations
show that in neutrino-induced fission mass and charge
distributions of fission fragments are more complex re-
flecting an interplay between symmetric and asymmet-
ric fission. This is also in agreement with the conclu-
sions made by Panov et al. in Ref. [29], and suggests
that in r-process simulations the fission-fragment dis-
tributions should be evaluated more carefully.
As mentioned above, Qian suggested [1] that the
r-process pattern observed in metalpoor stars could be
related to neutrino-induced fission on nuclei with mass
numbers Aprog > 190 during the decay of the r-process
progenitors towards stability. To test this idea it is nec-
essary to know the neutrino-induced fission cross sec-
tions as well as the distribution of fission fragments
for the relevant range of nuclei. We present here the
results for representative examples, covering nuclei
with mass numbers Aprog = 200,215,230,245,260,
and 275 and neutron separation energies ranging from
the r-process path Sn ∼ 2 MeV to stability (Sn ∼
7–8 MeV). Tables 3–6 list the total, the partial fission
and neutron-evaporation cross sections and the num-
ber of neutrons emitted during the reaction. All results
are calculated assuming a Fermi–Dirac distribution for
the neutrinos with T = 4 MeV and µ = 0.
Table 3 shows that neutrino-induced fission plays
no role for progenitor nuclei with A ∼ 200 as theprogfission barriers, compared to the neutron separation
energies, are too high. This is also true for the other
sets of fission barriers [6,8]. The situation is simi-
lar for the nuclei with Aprog ∼ 215 (Table 4). Here,
neutrino-induced fission is irrelevant for nuclei on
and close to the r-process path, however, it becomes
competitive with neutron evaporation for nuclei with
Sn ∼ 7 MeV. On the other hand, progenitor nuclei
like 215At, 216Rn, 215Fr are α emitters with halflives
shorter than 1 ms, and, therefore, we do not expect
that neutrino-induced fission on these nuclei can com-
pete with α-decay. Thus, in the mass range around
Aprog ∼ 215 neutrino-induced fission will only matter
for stable nuclei, which, however, are reached quite
fast due to the very short halflives (compared to the
r-process time scales) of the r-process progenitors in
this mass range. The mass distribution of the fission
fragments for neutrino-induced stable nuclei around
Aprog = 215 is asymmetric with one peak at Ah ∼ 150
and the other at Al ∼ 215 − Ah.
Fission becomes a relevant decay mode for the
neutrino-induced reactions on progenitor nuclei with
Aprog > 230. While the Aprog ∼ 230 nuclei close to
the r-process path are predicted to have fission barriers
too high for fission to compete with neutron evapo-
ration, for nuclei closer to stability (Sn > 5.5 MeV)
fission is a sizable decay mode, which dominates for
the β-stable or long-lived Aprog ∼ 230 nuclei with
charge numbers Zprog  90 (see Table 5). The fission-
fragment distributions for some of these progenitor
nuclei (230Th, 229Pa, 232U) are shown in Fig. 3. These
distributions show pronounced peaks at mass num-
bers A ∼ 90 and A ∼ 135, similar to the r-processl h
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The same as Table 3, but for r-process progenitors in the mass Aprog ∼ 215 region
Aprog Zprog Sn σtot σfiss σevap Nfiss Nevap
215 71 2.23 9.39(+02) 0.00(+00) 9.39(+02) 0.00 3.90
214 72 2.75 8.77(+02) 0.00(+00) 8.77(+02) 0.00 2.62
215 75 3.34 6.60(+02) 0.00(+00) 6.60(+02) 0.00 2.39
214 76 3.72 6.01(+02) 0.00(+00) 6.01(+02) 0.00 1.68
215 79 4.08 4.62(+02) 3.46(−05) 4.62(+02) 0.00 1.80
216 80 4.36 4.47(+02) 3.16(−04) 4.47(+02) 0.00 1.19
216 82 5.05 3.74(+02) 5.24(−02) 3.74(+02) 0.00 0.95
215 85 5.94 2.71(+02) 4.60(+01) 2.25(+02) 0.17 0.64
215 87 6.80 2.39(+02) 1.64(+02) 7.56(+01) 0.61 0.12
216 88 7.31 2.30(+02) 1.69(+02) 6.15(+01) 0.47 0.00
215 89 8.48 1.85(+02) 1.72(+02) 1.34(+01) 0.82 0.00
216 90 9.54 1.78(+02) 1.48(+02) 3.07(+01) 0.54 0.00
216 92 10.08 1.45(+02) 1.32(+02) 1.36(+01) 0.82 0.00
Table 5
The same as Table 3, but for r-process progenitors in the mass A ∼ 230 region
Aprog Zprog Sn σtot σfiss σevap Nfiss Nevap
226 76 2.83 9.21(+02) 0.00(+00) 9.21(+02) 0.00 2.75
234 80 2.99 8.94(+02) 1.35(−02) 8.94(+02) 0.00 2.19
233 81 3.31 8.04(+02) 2.74(−03) 8.04(+02) 0.00 2.23
231 83 4.12 7.05(+02) 3.94(−02) 7.05(+02) 0.00 1.44
233 85 4.47 6.57(+02) 4.88(−01) 6.57(+02) 0.00 1.17
234 86 4.85 6.37(+02) 1.58(+00) 6.35(+02) 0.00 0.92
233 87 5.14 5.62(+02) 6.59(+00) 5.56(+02) 0.03 0.89
230 88 5.58 5.03(+02) 3.20(+01) 4.71(+02) 0.12 0.47
231 89 6.48 4.75(+02) 1.02(+02) 3.73(+02) 0.56 0.43
230 90 6.79 4.33(+02) 2.75(+02) 1.58(+02) 1.06 0.04
229 91 7.04 3.86(+02) 2.78(+02) 1.08(+02) 1.38 0.03
232 92 7.26 3.95(+02) 3.00(+02) 9.48(+01) 0.91 0.00
231 93 7.67 3.48(+02) 3.38(+02) 1.03(+01) 1.98 0.00abundance distributions in metalpoor stars and in sup-
port of Qian’s suggestion [1]. The charge distributions
obtained for these nuclei agree very well with those
measured in Ref. [20].
The relative importance of neutrino-induced fis-
sion, compared to neutron evaporation, increases with
mass number. For Aprog ∼ 245 and Aprog ∼ 260, the
probability for neutrino-induced fission is higher than
for neutron evaporation for nuclei with Sn > 4.5 MeV
(Table 6). For progenitor nuclei with mass numbers
around Aprog = 275, fission is the dominating decay
mode for neutrino-induced reactions for nuclei with
Sn > 3 MeV. It is also important to note that these nu-
clei are expected to have long β halflives, larger than
1 s. Consequently, neutrino-induced reactions would
be relevant even if such processes occur at radii of sev-
eral 100 km.The fission-fragment distributions for our sample
nuclei are shown in Figs. 4–6. The Aprog ∼ 245 nu-
clei show a pronounced double-hump mass distribu-
tion, with one peak centered around Al ∼ 100 and the
second around Ah ∼ 140. The fission fragment dis-
tributions are different for Aprog ∼ 260 nuclei. Here,
neutrino-induced fission on 259Pa generates a pro-
nounced, but narrow double-hump structure, while
for 259Bk, 260Fm, 261Lr and 261Bh one finds broad,
nearly featureless fragment distributions. The mass
distribution becomes significantly narrower for the
Aprog ∼ 275 progenitor nuclei for which the fission is
mainly symmetrical leading to a fragment mass dis-
tribution dominated by nuclei in the A = 132 mass
range. We admit that the details of these quantita-
tive predictions must be considered with some caution
since there is no experimental information available
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The same as Table 3, but for r-process progenitors in the mass regions Aprog ∼ 245,260, and 270
Aprog Zprog Sn σtot σfiss σevap Nfiss Nevap
245 83 3.13 9.31(+02) 2.55(−02) 9.31(+02) 0.00 3.23
246 88 4.07 7.58(+02) 2.91(+00) 7.55(+02) 0.01 1.29
246 92 4.83 6.05(+02) 1.29(+02) 4.77(+02) 0.61 0.56
245 95 6.06 4.78(+02) 3.32(+02) 1.46(+02) 1.59 0.03
245 97 6.96 3.92(+02) 3.53(+02) 3.86(+01) 1.96 0.02
246 100 7.72 2.99(+02) 2.46(+02) 5.38(+01) 1.52 0.00
261 87 2.54 1.26(+03) 8.37(−01) 1.26(+03) 0.00 3.24
259 91 3.91 8.88(+02) 1.61(+02) 7.27(+02) 1.12 1.91
259 97 5.26 5.83(+02) 5.70(+02) 1.33(+01) 3.54 0.01
260 100 6.15 4.76(+02) 4.12(+02) 6.40(+01) 3.00 0.11
261 103 7.04 3.75(+02) 3.75(+02) 0.00(+00) 3.22 0.00
261 107 8.16 2.46(+02) 2.46(+02) 0.00(+00) 2.58 0.00
275 95 3.19 1.08(+03) 4.44(+02) 6.41(+02) 2.44 1.20
276 98 3.96 9.42(+02) 7.92(+02) 1.50(+02) 4.15 0.05
276 102 5.13 6.81(+02) 6.67(+02) 1.43(+01) 4.39 0.02
276 106 6.02 4.69(+02) 4.69(+02) 0.00(+00) 4.10 0.00
276 110 6.96 3.41(+02) 3.41(+02) 0.00(+00) 3.73 0.00
276 112 7.84 2.77(+02) 2.77(+02) 0.00(+00) 2.87 0.00
Fig. 3. Mass (top) and charge (bottom) distributions (in percent) of fission fragments produced in (νe, e−) reactions on some selected progenitor
nuclei in mass range Aprog ∼ 230. Number in parenthesis is the neutron separation energy (in MeV).on the fission properties of these very neutron-rich
systems. However, the calculations indicate that we
should expect rather complex fission-fragment mass
distributions due to the combined influence of strongshell structures (e.g., N = 82 and N ≈ 86) in the two
nascent fragments.
Neutrino-induced reactions on r-process relevant
nuclei are connected with the emission of neutrons.
56 A. Kelic´ et al. / Physics Letters B 616 (2005) 48–58Fig. 4. Mass (top) and charge (bottom) distributions (in percent) of fission fragments produced in (νe, e−) reactions on some selected progenitor
nuclei in mass range Aprog ∼ 245. Number in parenthesis is the neutron separation energy (in MeV).
Fig. 5. Mass (top) and charge (bottom) distributions (in percent) of fission fragments produced in (νe, e−) reactions on some selected progenitor
nuclei in mass range Aprog ∼ 260. Number in parenthesis is the neutron separation energy (in MeV).
A. Kelic´ et al. / Physics Letters B 616 (2005) 48–58 57Fig. 6. Mass (top) and charge (bottom) distributions (in percent) of fission fragments produced in (νe, e−) reactions on some selected progenitor
nuclei in mass range A ∼ 275. Number in parenthesis is the neutron separation energy (in MeV).progObviously the average number of emitted neutrons,
〈N〉 can vary significantly. If the neutron excess is
extreme and the neutron separation energy is low,
like for heavy nuclei on the r-process path, 〈N〉 is of
order 5, if evaporation dominates, or can reach val-
ues between 10 and 20, if fission is the main decay
process. The number of emitted neutrons is reduced
for neutrino-induced reactions on r-process nuclides
encountered during the decay to stability. The obvi-
ous reason is the reduction of the neutron excess by β
decays or by β-delayed neutron emission. This in-
creases the neutron separation energy and reduces the
unbalanced neutron excess in the target and the fission
fragments. Both effects reduce the number of emitted
neutrons. Nevertheless, neutrons will be emitted by
neutrino-induced reactions after r-process freeze-out
and these neutrons are a source for neutron captures
on other nuclei, which will influence the final r-process
abundance distribution and thus has to be considered
in simulations. Attempts to include such neutrino post-
processing have been reported in [10–12,30], however,
these studies did not consider neutrino-induced fission
as a neutron source. Tables 3–6 also list the number
of emitted neutrons for the neutrino-induced reactions
on nuclei with mass numbers A = 200–270 andprogneutron separation energies between the r-process path
and stability. Typical values are 〈N〉 ∼ 2–4. A dynami-
cal r-process simulation is needed to explore the effect
of neutron emission after freeze-out. We would like to
point out that 〈N〉 is larger for the decay of the nu-
clei which mark the end of the r-process due to the
onset of fission. If we follow Ref. [26] and expect
the end of the r-process around Aprog = 300 neutrino-
induced fission is accompanied by many neutrons if
such nuclei decay to stability. As an example, we cal-
culate 〈N〉 > 10.4 for 300No (Sn = 3.1 MeV), where
the decay of the charged-current reaction is entirely
by fission. We expect that also beta-delayed fission on
these nuclei will be accompanied by a sizable num-
ber of emitted neutrons if the β strength function is
indeed peaked at the rather high excitation energies
(∼ 10 MeV) as indicated in [26]. For example, fission
of 300Lr, the daughter of 300No, at an excitation energy
of 8 MeV is accompanied by the emission of about 10
neutrons.
In summary, we have studied neutrino-induced fis-
sion on selected nuclei, which are relevant for r-
process nucleosynthesis. We have improved a previ-
ous investigation by using presumably more realistic
fission barriers. Envisioning a two-step process, we as-
58 A. Kelic´ et al. / Physics Letters B 616 (2005) 48–58sume the decay of the levels in the daughter nucleus,
excited by the initial (νe, e−) reaction, to be statisti-
cal and treat it with the ABLA code, which has been
successfully applied to many fission experiments. As
another particularly important improvement compared
to Ref. [4], we calculate mass and charge distribu-
tions of the fission fragments as well as the numbers
of neutrons emitted during the reaction. These fea-
tures are essential if neutrino-induced fission is being
implemented into r-process simulations as has been
called for recently by Qian [1]. In first explanatory
calculations we find that neutrino-induced fission is
irrelevant for r-process progenitors in the mass range
Aprog ∼ 200–215, but becomes more and more impor-
tant with increasing mass number. The calculated mass
and charge distributions show pronounced peaks com-
ing from symmetric and asymmetric fission. These
peaks are in agreement with patterns observed in the
r-process abundance distributions in metalpoor stars at
mass numbers A ∼ 90 and ∼ 135. The results of the
present work indicate that the assumption made in pre-
vious r-process simulations [28] of sharp symmetrical
mass distributions in fission could be too simplistic.
We also find that the fission of r-process progenitors
is accompanied by the emission of several neutrons
which can be the source of postprocessing effects after
r-process freeze-out. It is recommended that neutrino-
induced, β-delayed and neutron-induced fission in r-
process simulations is treated along the lines of the
current model allowing for a simultaneous description
of the fission cross sections, the distributions of fis-
sion fragments and the number of emitted neutrons.
As a first step r-process simulations with a consistent
inclusion of neutrino-induced fission are in progress.
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